Significant advances in breast cancer treatment have been made where it is now possible to treat localized disease to a curable state. However, for approximately 30% of women with primary disease, metastatic breast cancer (MBC) or recurrent disease, treatment has remained challenging. Major obstacles in the effective treatment of breast cancer in these populations include: 1) the molecular heterogeneity of the disease; 2) treatment of MBC and more specifically brain metastasis; and 3) defining combination therapies that address the evolution of resistance with disease relapse. The acknowledgement of these difficulties has led to an effort to further understand the roadblocks to therapy with the anticipation that more appropriate treatments will result. Here we describe the current state of breast cancer treatment, and the potential for improved therapy.
Introduction
Breast cancer is the leading cancer diagnosis in women in both North America and Europe [1] . Although advances in early detection and treatment have led to a decrease in the overall mortality rate [2] , our initial victory, alarmingly, has revealed major roadblocks to the treatment of breast cancer. This illustrates that our current understanding of breast cancer as a disease is not yet complete. One such roadblock is the revelation that breast cancer is a collection of diseases and not a single entity, second, surprisingly, we are also observing an increase in the incidence of brain metastasis, of which, breast cancer accounts for 15% -25%, second only to lung cancer in metastasis to the brain [3] . Finally, it is clear that using a single drug or drug regimen to treat all patients is not possible. Rather, researchers and clinicians are beginning to see the value in personalizing breast cancer treatment. Already, molecular markers such as the Estrogen receptor (ER) and Her2/neu have been successfully targeted in patients with positive disease, using drugs such as tamoxifen and trastuzumab respectively. However, standard treatments fail in patients with metastatic breast cancer (MBC) and disease relapse. We are seeing an aging population of patients in whom early detection/diagnosis and better treatment modalities have increased disease free survival time. However, for many of these patients with relapse, it is not uncommon for the disease to evolve a resistance to existing drugs. Treating breast cancer patients without regard to the above roadblocks can ultimately influence clinical outcome [4] .
Here we assess the current and potential future prospects for breast cancer therapy, and consider the strengths and weaknesses of therapy in the context of the biological pitfalls that breast cancer harbors. These include breast cancer heterogeneity, brain metastasis, and treatment resistance. We discuss how effective the current breast cancer treatments are and what the potential new treatments may be. In conclusion, we demonstrate how a more informed rationale in determining drug combination therapy will be beneficial for the development of future treatments.
Existing Drug Regimens
Clinically, the choice of therapies for a particular patient is determined by the patient's age, health, stage of disease and prior treatment. Additionally, tumor size, nodal involvement, hormone receptor (HR) status, and Her2/ neu expression play very important roles in determining the use of chemotherapy, endocrine therapy and/or targeted therapies. Table 1 summarizes the clinically available regimens for the treatment of breast cancer patients, which include first, second and third generation nonspecific cytotoxic agents, endocrine therapies, and specific biological agents. Patients presenting with HR- 
Anti-angiogenic agents
Bevacizumab negative disease, progression on endocrine therapy or metastatic disease are typically treated with nonspecific anthracycline-and/or taxane-based chemotherapeutic regimens [5, 6] . Neo-adjuvant chemotherapy includes anthracyclines (doxorubicin or epirubicin) followed by surgery and radiation. Adjuvant chemotherapy is more variable, but still anthracycline or taxane based [5, 6] . ER positivity is a predictive marker for endocrine therapy.
Options for endocrine therapy in breast cancer patients include Selective Estrogen Response Modifiers (SERMs), aromatase inhibitors (AIs), or Selective Estrogen Receptor Down-regulators (SERDs) [5] [6] [7] . Selection of endocrine therapy depends on menopausal status and concern about possible side-effects. In addition to the non-targeted cytotoxic agents described above, breast cancers are also treated with targeted agents. The approved targeted treatments available for breast cancer are in the form of antibodies or small molecule inhibitors that antagonize Her2/neu or vascular endothelial growth factor (VEGF). It is estimated that 25% of breast cancer patients have tumors which overexpress the receptor tyrosine kinase Her2/neu [8, 9] . Pharmacologic agents or therapeutic antibodies targeting Her2/neu include trastuzumab (targeting Her2/neu positive tumours) [10] [11] [12] , and lapatinib (targeting both Epidermal growth factor receptor (EGFR) and Her2/neu signalling) [11, [13] [14] [15] . For patients with Her2/neu overexpression, trastuzumab is a first-line treatment that is typically used in combination with non-anthracyclinebased chemotherapies such as the taxanes: paclitaxel and more commonly docetaxel, or vinorelbine, capecitabine, platinum compounds or gemcitabine [16, 17] . In 2007 lapatinib was approved for use in patients with advanced breast cancer pretreated with trastuzumab or anthracyclines [18] .
VEGF is associated with poor prognosis and is clearly associated with angiogenesis [19, 20] . Therefore, agents have been designed to suppress angiogenesis (e.g. bevacizumab which targets VEGF [11, [21] [22] [23] or sunitinib, which is a small molecule tyrosine kinase inhibitor that targets the VEGF receptors 1, 2 and 3 [21, 22, [24] [25] [26] ) and have been considered for use as part of an adjuvant treatment regimen [27] [28] [29] [30] [31] . Currently only bevacizumab is approved for use in breast cancer patients.
Dual EGFR and Her2/neu inhibitors are also under development. These include, afatinib [32, 33] and neartinib [34, 35] , which are second generation tyrosine kinase inhibitors (TKIs) specific for Her2/neu and EGFR.
Aflibercept, which is designed to bind VEGF-A and B, has recently completed a phase I clinical trial of 54 patients and has been recommended for further study in breast cancer [36] . Finally, multi-targeted TKIs such as sunitinib (VEGFR, PDGF, KIT) [37, 38] , sorefinib (Raf, Flt3, c-kit, RET, VEGFR-2, -3 and PDGF) [39, 40] , axit-inib (VEGFR-1, -2 -3, PDGFR, cKit) [41] , vandetanib (VEGFR, EGFR, RET) [42] , pazopanib (VEGFR-1, -2, -3, PDGFRa/b, c-kit) [43] are approved for use in some cancers and are currently being evaluated in the context of breast cancer clinical trials.
Novel Targeted Therapy and Personalized Medicine
In the age of gene expression analysis, it is becoming increasingly clear that breast cancer is a heterogeneous disease. Breast cancer is now recognized not as a single entity, but as at least five molecularly distinct neoplastic disorders; 1) normal like; 2) triple-negative or basal-like, (TNBC); 3) Her2/neu-positive; 4) luminal-A; and 5) luminal-B breast cancer [44] [45] [46] . Presently, this molecular distinction is aiding doctors and their patients in making treatment decisions. However, as gene expression profiling is becoming more prolific, even this five subtype system is rapidly becoming limited. New, more personalized therapy is being developed on the basis of molecular subtypes, mechanisms of carcinogenesis and epigenetic changes seen in breast cancer. Selected examples of novel targets currently being evaluated using small molecule inhibitors or siRNA are discussed below.
Phosphatase and Tensin Homolog Deleted on Chromosome 10 (PTEN)/ Phosphatidylinositol 3-Kinase (PI3K)/AKT Pathway Inhibitors
PTEN is a dual protein/lipid phosphatase and its main substrate phosphatidyl-inositol 3,4,5 triphosphate (PIP3) is the product of PI3K activity. PI3K is downstream of Insulin like growth factor (IGF-1) and Her2/neu, and leads to the activation of AKT and mTOR, among other signaling pathways in a cell. PI3K/AKT is involved in growth, survival, motility, angiogenesis, epithelial to mesenchymal transition (EMT), metabolism and drug resistance (anti-ER resistance and anti-Her2 resistance). Numerous studies show that the PI3K/AKT pathway signaling is at the heart of many phenotypic changes in breast cancer as well as other cancers [47, 48] . Greater than 70% of breast cancers are observed to have mutations, amplifications, deletions, methylations, and post-translational modifications in this pathway [48] . These changes can be the result of PTEN loss or mutations that activate this pathway. Targeting the PI3K/AKT pathway can take many forms. There are several TKIs that are already FDA approved for use clinically or in clinical trials that can act as inhibitors of the PI3K pathway at the receptor level (trastuzumab, lapatanib). Isoform specific (CAL-101) and pan-PI3K (SF1126, BKM120, GDC-0941, XL-147) inhibitors are being investigated and several are in phase I and II clinical trials. Mammalian target of rapamycin (mTOR) is a serine-threonine kinase member of the cellular PI3K pathway, which is involved in transcriptional/translational control, cell cycle progression and survival. mTOR is activated by Her2/neu, ER and IGF signaling. Inhibition of mTOR has received a lot of attention and several small molecule inhibitors and antibodies have been developed. These include rapamycin analogs, or rapalogs, such as everolimus (RAD001) and antibodies against mTOR such as temsirolimus and ridaforolimus. Everolimus has been studied in combination with letrozole in women with operable ER-positive breast cancer as a neo-adjuvant therapy. Everolimus was able to increase the efficacy of letrozole in this patient population where the response rate for the combination was 11% higher than in single agent letrozole therapy [49] . Pan-PI3K inhibitors with dual PI3K/mTOR inhibitory activity such as XL-765, SF-1126, BEZ-235, GDC-0941, and GSK1059615 are being pursued as a possible targeted treatment in vitro and in vivo. Specific AKT inhibitors are also available and these include AT-13148 and A-443654, MK2206, GSK690693. Our laboratory has extensively worked with ILK inhibitors. The role of ILK in the P13K pathway is somewhat controversial, but it is widely accepted that ILK is upstream of AKT in the PI3K pathway and acts to phosphorylate AKT on serine 473. Although clinical studies are not underway, the ILK inhibitor QLT0267 has been evaluated in preclinical models of breast cancer with promising results [50, 51] .
Integrin Linked Kinase (ILK)
ILK functions as a scaffold protein associated with integrins [52] [53] [54] [55] [56] , as well as a serine/threonine protein kinase localized to focal adhesions (FAs) [57] [58] [59] [60] . In both cases the endogenous role of ILK is in signalling pathways involved in cell-matrix interactions. In a normal cell, ILK is required to maintain tissue homeostasis. ILK has been associated with multiple signal transduction cascades involving downstream molecules such as AKT, GSK-3, HIF-1 alpha, Wnt, E-cadherin, TWIST and VEGF, pathways [55] . These pathways are known regulators of key cancer processes such as EMT, angiogenesis and apoptosis. Over-expression or increased activity of ILK in epithelial cells is related to epithelial-mesenchymal transition (EMT) [61] [62] [63] [64] and deregulated growth [55, [65] [66] [67] , while targeted inhibition of ILK induces apoptosis and cell cycle arrest [55, 56, 68, 69] . ILK is an attractive therapeutic target and methods to silence ILK expression (e.g. use of siRNA targeting ILK mRNA) or to inhibit its kinase activity should prove valuable as a tool in the treatment of a variety of human cancers, including breast cancer [55, 56, 66, 67, [70] [71] [72] [73] . Our own lab was able to show that silencing of ILK using siRNA in breast tumor cells leads to attenuation of PI3K signalling as indicated by a decrease in AKT phosphorylation [50] . More recently we were able to suppress Her2/neu expression in breast cancer cell lines through the inhibition of ILK using siRNA [51] . This was later confirmed by another lab [74] .
Epigenetic Modulation as a Future Treatment of Breast Cancer
In the same way that genome-wide studies for somatic mutations are changing the landscape of marker identification and leading to high-throughput analyses of candidate genes, large-scale epigenomic methods have been developed for the characterization of global epigenetic alterations in cancer. Methods such as Quantitative multiplex-methylation specific PCR or genome-wide profiling for methylations or histone modification are commonly used for epigenomic studies [75] . Epigenetic modifications that alter gene expression include DNA methylations, histone modification (acetylations, methylations, phosphorylations, ubiquitination, nucleosomal remodelling), polycomb/trithorax protein complexing, and small non-coding or anti-sense RNA (microRNA) expression and activity. Many compounds have been discovered to target proteins that control DNA methylation, histone acetylation, and histone methylation. Some of them are already being used clinically with encouraging effects. Some research has focused on the role of epigenetic gene silencing, important in the pathogenesis of breast cancer, in which acetylation or deacetylation of DNA modifies the expression of tumor-suppressing genes. Current research in epigenetics as it relates to breast cancer is briefly described.
Histone Modifications: Histone Deacetylase Inhibitors
Histone Deacetylase (HDAC) removes acetyl groups from histones which results in chromatin coiling that effectively inhibits transcription. HDAC based gene regulation is seen in genes that are important to cell survival, proliferation, differentiation and apoptosis. In addition to its job in chromatin condensation HDACs also play a role in recruiting transcription factors to promoter sites, and HDAC has been found complexed with the methyl CpG binding domain (MBD) family of proteins at sites of DNA methylation. In cancer, HDACs can be abnormally expressed leading to hypoacetylation and can modulate chromatin configurations leading to the silencing of genes involved in tumor suppression. In breast cancer, abnormal histone modification in combination with DNA hypermethylation is frequently associated with epigenetic silencing of tumor suppressor genes and genomic instability, therefore HDAC inhibitors (HDACi) could represent a new treatment option for breast cancer. HDACi, including both class-specific inhibitors 
Brain Metastasis and Breast Cancer
Central nervous system (CNS) tumors due to metastasis now account for the majority of tumors in the CNS [79] , outnumbering primary brain tumors 10:1 [80] . Although the incidence of brain metastasis from breast cancer (BMBC) is estimated to be 10% to 16% [81, 82] this has now been shown to be a gross underestimation of the true incidence which is closer to 30% [83] when autopsy patients are included in BMBC. Evidence suggests that common features of patients who experience brain metastasis from breast cancer include tumors that are triple negative (lacking receptors for progesterone, estrogen and Her2/neu) or the molecular subtype to triple negative breast cancer, basal-like breast cancer or Her2/neu positive breast cancers. Her2/neu patients appear to be at the greatest risk with Her2/neu positive patients accounting for 25% of the population [84] . Further risk factors associated with the development of BMBC include but are not limited to, high p53 levels, number of metastatic disease locations, patient age (median 40), node positive and tumor relapse starting in bone or the liver [85] [86] [87] . Within 2 to 3 years of a patient diagnosis of a primary tumor, the appearance of CNS metastasis becomes apparent [88] . Interestingly, breast cancer patients develop brain metastasis after the development of metastasis to the liver, lung and bone [89] . Estimates suggest that almost half the patients with BMBC present with headache [90] . Further clinical manifestations range from vomiting, nausea, decreased cognitive function to ataxia and seizures [91] . Given the restrictive nature of the blood-brain barrier (BBB)-(the filter that separates the circulating blood and restricts entry of various molecules while allowing the specific entry of certain metabolites into the brain) it is still unclear how breast cancer cells gain entry to the brain. On the other hand, several factors are known to be involved in the promotion of breast cancer invasion and migration, these include platelet derived growth factor (PDGF), interleukin (IL)-6, tumor necrosis factor (TNF)-α, IL-3 and insulin like growth factor (IGF-1) [92] . BMBC is a late stage event in breast cancer and traditionally, the survival rate is 20% after 1 year [93] .
Treatment of Brain Metastasis
The use of chemotherapy in the treatment of BMBC has been largely ineffective, reducing chemotherapeutic treatment to a palliative role [94] . The ineffectiveness of chemotherapy is thought to be due to two reasons: 1) the presence of the BBB hinders access to the tumor; 2) BMBC occurs late in the development of breast cancer when chemoresistance has evolved. Therefore, the standard of treatment for BMBC is radiotherapy, surgery or radiosurgical treatments. Chemotherapy is used as a last attempt at care when radiotherapy and surgical options fail. Although chemotherapy is not a first line treatment in BMBC, improved patient survival has been demonstrated when chemotherapy was used as an adjuvant to radiotherapy [95] . The BBB has also determined the choice of chemotherapeutic agents that can be used in the treatment of BMBC. Drugs such as paclitaxel, vincristine, docetaxel and doxorubicin are drugs that when used in normal doses are largely ineffective, due to a poor showing of drug concentration in the brain [96] . The entry of chemotherapeutic agents into the brain is based upon criteria such as molecular weight, drug solubility and the drugs ability to bind to plasma proteins [97] . Given this information, drugs such as Tremodar ® , topotecan and capecitabine have been shown to cross the BBB at clinically relevant concentrations [98, 99] .
Tremodar ®

Tremodar
® is an alkylating agent used in the treatment of primary brain tumors i.e. glioblastoma (GBM). Tremodar ® (temozolomide) is well tolerated by patients even with longer dosing schedules. In addition, temozolomide has been shown to improve patient survival in the treatment of GBMs in conjunction with radiotherapy [100] . However, temozolomide for the treatment of BMBC has been shown to have no effect when used as a single agent, and this was shown in a phase II clinical trial [101] . Although it should be noted that the number of patients in these studies was small, other studies also confirmed no improvement in survival with temozolomide treatment against BMBC [102] . It has since been observed that temozolomide is an alkylating agent and breast cancers highly expresses O(6)-methyl-guanine-DNA-methyl-transferase (MGMT) which functions to repair DNA damage resulting from alkylating agents. Thus for at least breast cancer, there is likely a high degree of intrinsic resistance to temozolomide [103] . Temozolomide appears to give the best results when used in some type of combination therapy. For example, temozolomide, in combination with whole brain radiotherapy (WBRT) resulted in 79% with a positive response and an increase in patient survival [104, 105] . Another combination using temozolomide which is proving to be effective in BMBC is temozolomide and capecitabine. With an overall response rate of 18%, this combination was well tolerated and cognitive function did not decrease in patients that had stable disease or responded to treatment. It should be noted that all patients were treated with WBRT prior to temozolomide and capecitabine combination therapy [106] . It would be of interest to do a head to head comparison of temozolomide after WBRT or temozolomide and capecitabine after WBRT.
Capecitabine
Capecitabine is an anti-metabolite that is truly a last line of defense drug. It has been used in combination (See temozolomide) and has also been used as a single agent. Interestingly, one study indicated that in recurrent or refractory BMBC, capecitabine as a single agent after WBRT resulted in an overall response rate of 45% with a median progression free survival of 7.3 months [107] . Capecitabine has also been shown to have some effect even after other chemotherapeutic regimens had failed [108] . Although there is evidence of the effects of capecitabine, it has not been shown in humans to cross the BBB, however this has been shown in mice. This is an important caveat particularly when capecitabine is used in combination therapy, as data is needed to determine if the effects of combination therapy are truly the result of both drugs that cross the BBB or perhaps an interaction that enhances or that may hinder the ability of one drug to cross the BBB.
Topotecan
Topotecan is a derivative of camptothecin that inhibits the activity of topoisomerase I. Although topotecan does appear to cross the BBB very well, concrete studies of the use of topotecan for BMBC still need to be performed. The majority of studies with topotecan have been in a combination regimen, however, these studies have had very low numbers of patients that only have CNS involvement due to metastasis. The ineffectiveness of chemotherapeutic agents with respect to BMBC is largely due to the BBB, followed closely by chemoresis-tance due to late stage disease progression. Chemotherapeutic agents that due cross the BBB have not been sufficiently studied in clinical trials or with sufficient patient numbers to determine the true effectiveness of these agents. This also holds true for more targeted therapeutic agents such. Drug studies and clinical trials that focus on CNS involvement due to metastasis and a concern for BMBC as the focus would greatly enhance our understanding, particularly for exploring options such as targeting the micro-environment and angiogenesis in BMBC.
Defining Drug Combination Therapies
Therapeutic approaches in the treatment of breast cancer have always included combinations whether combinations of treatment modalities (surgery, radiation, and systemic control using hormonal treatment or chemotherapy or both) or the combination of systemic therapies which may include combinations of non-specific chemotherapeutic agents, chemotherapeutic agents and targeted biological agents or non-specific biological agents in combination. The use of multiple drugs, in theory, helps to avoid the development of resistant subpopulations and makes the eradication of a range of different malignant cell populations feasible especially in the context of such a heterogeneous disease such as breast cancer. Combination therapies may also help to resolve the issue with targeted therapies that show redundancies. Clinicians and scientists have understood these benefits based on empirical data demonstrating improved treatment outcomes when using multiple drugs. This principle is being applied to targeted agents and only now are researchers beginning to realize the benefits of combining classical chemotherapeutic agents with novel drugs targeting specific molecular pathways. As an example, the combination of Perjeta, trastuzumab and docetaxel chemotherapy was recently approved for use in patients and was able to significantly extend progression-free survival in people with previously untreated Her2/neu-positive MBC compared to trastuzumab plus docetaxel chemotherapy (6.1 month improvement in median progression free survival, 18.5 vs 12.4 months) [109, 110] .
Analysis of drug interactions is a complicated procedure with multiple assessment strategies available [110, 111] . Widely used strategies to determine whether various drug combinations result in synergistic, antagonist or additive effects include the statistical method, the arithmetic sum, the fractional product concept, the isobologram method, the median effect principle (MEP), and response surface modeling. The MEP method describes the relationship between a measured response within a population of cells (fraction affected (fa) versus the fraction unaffected (fu)) and the fraction of the dose (D) required to achieve a specified effect level and is represents the effect of the interaction. This analysis can be used to determine the combination index (CI) which provides a measure of whether the drug-drug interactions are additive (CI = 1), antagonistic (CI > 1) or synergistic (CI < 1). The CI can be calculated at any effect level and the effect used can be derived on the basis of any measured endpoint (e.g. cell viability, cell number, apoptosis induction, intracellular enzyme inhibition, inhibition of VEGF secretion, etc). To determine CI values, a commercially available program CalcuSyn can be used to calculate CI values for a broad range of effect levels and, on the basis of this analysis, fa verses CI plots can be generated. The latter plots are important to consider and recognize that drug-drug interactions are dependent on the effect level. Some drug-drug interactions are highly synergistic but synergy is only observed at low effect levels, while at high effect levels the interaction proves to be antagonistic. It is also now well established that drug-drug interactions are also influenced by drug-drug ratio, drug sequencing, experimental endpoint assessment and experimental conditions. These variables make it very challenging to determine whether a specific drug combination is providing therapeutic effects which are better than would be expected based on the action of the individual drugs (i.e. synergistic).
The use of CI values also highlights an important practical aspect of selecting drug combinations that combine to provide synergistic effects: synergistic drug combinations can produce effects comparable to those achieved with the single agents, but at substantially lower doses. This interpretation suggests that one value of selecting a synergistic drug combination arises as a result of potential reductions in toxicity. This suggests the potential of also treating patients longer due to a well tolerated drug combination and a greater positive response rate.
Conclusion
As our understanding of breast cancer has advanced in the realm of early detection and diagnosis, we have seen better patient outcomes with respect to localized disease. However, better treatments are required, certainly in the context of MBC and BMBC. The many drugs that are currently being used or being studied for the treatment of breast cancer are slowly yielding some benefit. It is becoming increasingly clear that drug combination therapy holds the most promise for patients suggesting our efforts should be concentrated here. Rationally designed combinations of targeted and non-targeted therapies are the cornerstone of novel treatments for breast cancer. For this reason a comprehensive understanding of combination assessment strategies is critical to the continued success in the treatment of this disease.
